Micellar electrokinetic chromatography (MEKC), which can separate neutral analytes as well as charged analytes by the capillary electrophoretic technique, was developed in 1982 and the first paper was published in 1984. The authors' group concentrated their effort into the characterization of MEKC as a separation technique until early 1990s. Most issues in MEKC separations were successfully solved and wide applicability of MEKC was verified in 1990s. In particular, sweeping, an on-line sample preconcentration technique, was very successful for the concentration of neutral analyte as well as ionic ones. In this paper, our studies on MEKC will be summarized from the personal viewpoint of the author.
Introduction

Brief history of MEKC
A paper on capillary electrophoresis (CE) by Jorgenson and Lukacs [1] was published in 1981 and attracted much attention among chromatographers. The author was very much interested in high efficiency separation techniques in liquid phase since high performance liquid chromatography (HPLC) was able to produce less than 5 000 theoretical plates while capillary gas chromatography was more than 100 000 in early 1980s. Almost at the same time when Jorgenson and Lukacs published the first CE paper, Nakagawa [2] published a short note entitled "A note to those who are interested in solubilization phenomena", proposing an idea to add ionic micelle to the electrophoretic solution to separate neutral analytes by electrophoresis, e.g., by paper electrophoresis. The author was confident the proposed method must be successful if CE is employed when he read the article. It took about a year for us to construct a simple CE instrument with an ultraviolet absorbance detector modified from an HPLC detector. The first experiment with sodium dodecyl sulfate (SDS) added to the running buffer of capillary zone electrophoresis (CZE) was successful on September 7, 1982 as shown in Fig. 1 , where acetylacetone, phenol, mesityl oxide, o-, m-, and pcresols were separated under a neutral condition. In particular, the successful separation of three isomers of cresol was impressive because the separation of these isomers was difficult in HPLC. All these analytes are not ionized and therefore, the successful separation suggested the role of the SDS micelle as a pseudostationary phase. Some preliminary results were presented at a domestic HPLC meeting held in Kyoto on January 25-26, 1983 and submitted for publication in Analyst as a short communication in June, 1983, which was immediately rejected because of a lack of urgent publication according to the editor. The revised manuscript was submitted to Analytical Chemistry in July, 1983, accepted in September, 1983, and published in January 1984. In the original manuscript the term "solubilization chromatography" was used as the name of the new technique according to the proposal of Nakagawa [2] but a reviewer did not agree with the name and he suggested using "electrokinetic separation". Therefore, the title of the first paper on MEKC is "Electrokinetic separations with micellar solutions and opentubular capillaries". However, we wanted to use the term "chromatography" for the technique because the separation principle is based on chromatography and used the name "electrokinetic chromatography" after the second paper [4] .
Separation Principle of MEKC
A schematic principle of MEKC is shown in Fig. 2 [5] , where anionic micelles are added as a pseudostationary phase to the running buffer. Under neutral or alkaline conditions, the electroosmotic flow (EOF) is stronger toward the cathode than the electrophoretic migration of the anionic micelles toward the anode and hence, the micelle also migrates toward the cathode at a retarded velocity. A portion of a neutral analyte added to the micellar solution is incorporated into the micelle and migrates at the velocity of the micelle, while another portion stays free from the micelle and migrates at the velocity of EOF. Since solubilization equilibrium is quickly established compared to the migration velocity of the analyte, the migration time of the analyte, t R , is given by equation 1 [3] , 
where k is the retention factor defined by the ratio of the amount of the analyte incorporated into the micelle over that in the aqueous phase, t 0 and t mc are the migration time of the EOF marker and that of the micelle marker, respectively. The difference of equation 1 from that in conventional chromatography is ascribed to the limited migration time window of the analyte between t 0 and t mc .
Fundamental characteristics of MEKC
Resolution equation in MEKC
The resolution R s in MEKC is given by equation 2 [3] and it is slightly different from that in conventional chromatography because the relationship between the migration time and the retention factor is different from that in the conventional chromatography as given in equation 1.
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where N is the number of theoretical plates and α is the selectivity factor equal to k 2 /k 1 (k 2 ≥ k 1 ), where subscript 2 and 1 refer to the analyte number, respectively. Some comments on each factor in equation 2 are given below.
Several experimental factors affect the plate number, N, and the longitudinal diffusion along the capillary axis has been concluded to be the most contributing factor [6] as in CZE. Apparent diffusion coefficients of analytes in the micellar solution are smaller than those in aqueous solutions because the micelle has a lower diffusion coefficient than small molecules. Therefore, higher plate numbers can be expected in MEKC than in CZE.
The optimum k value, k opt , which gives the maximum resolution, is given by [7] 3
The ratio t mc /t 0 is about 4 when SDS is employed as a pseudostationary phase under neutral or alkaline conditions, hence k opt is about 2, while the larger k value, the higher resolution in conventional chromatography.
One of advantageous characteristic of MEKC over conventional chromatography is an easy manipulation of the retention factor, k, by adjusting the surfactant concentration, because k is approximately related to the concentration of the surfactant, C sf , by k = KV mc /V aq ≈ Kv(C sf -CMC), where K is the distribution coefficient, V mc and V aq are volume of the micelle and the surrounding aqueous phase, respectively, v is the partial specific volume of surfactant constituting the micelle, and CMC is the critical micelle concentration. The equation means that k is linearly proportional to the surfactant concentration and it is confirmed by experiments [4] .
The last parameter in the right-hand side of equation 2 is named the virtual capillary length term, which is ascribed to the migration of the micelle or the pseudostationary phase during electrophoresis as shown in Fig. 3 . The micelle in not stationary in MEKC but migrates by electrophoresis. Therefore, the actual length of the micelle zone that interacts with the analyte and corresponds to the column length in conventional chromatography is dependent on the migration time. In Fig. 3 , the velocity of the micelle is assumed to be a half of the velocity of the analyte.
Although the electrophoretic velocity of the micelle does not depend on the pH, for example, when SDS micelle is employed as a pseudostationary phase; EOF depends on the pH because ionization of the silanol group on the capillary surface depends on the pH. The migration velocity of the micelle can be expressed as a vectorial sum of EOF velocity and the electrophoretic velocity of the micelle. When SDS is employed, the micelle migrates toward the cathode under alkaline or neutral conditions but it migrates toward the anode under pH below 4 or 5 depending on the surface condition of the capillary.
Selectivity manipulation in MEKC
Since the surfactant or micelle in MEKC corresponds to the stationary phase in conventional chromatography, the structure of the surfactant molecule affects significantly separation selectivity. Most surfactants have a polar head group and a hydrophobic long alkyl-chain group and the structure of the polar group contributes more to
selectivity than the alkyl-chain length. The relationship between the molecular structure of the surfactant and selectivity has been studied by several groups from the viewpoint of the quantitative structure-retention relationship (QSSR) [8] . Mixed micelles which consist of more than two different surfactants exhibit different selectivity from each surfactant micelle; in particular, the use of a mixed micelle between an ionic and a nonionic surfactant shows significantly different selectivity because the surface of the micelle, where most analytes adsorb on, is modified by nonionic hydrophilic group such as polyoxyethylene group.
Additives to the micellar solution are also useful modifiers of separation selectivity in MEKC. Organic solvents, cyclodextrin (CD) derivatives, ion-pair reagents, urea, glucose are major selectivity modifiers. As expected from equation 2, if k is large or the analytes are mostly incorporated by the micelle, the resolution must be very low; that is, the analytes migrate at the same velocity as that of the micelle and cannot be separated. The addition of a watermiscible organic solvent or a CD derivative to the micellar solution can reduce k value and makes separation of highly hydrophobic analytes possible. A schematic illustration of cyclodextrin modified MEKC is given in Fig. 4 , where the analyte is distributed among the micelle, CD and the surrounding aqueous phase. CD used here is electrically neutral and migrates at the same velocity as that of the aqueous phase or at the EOF velocity. The apparent k value is reduced and becomes favorable for separation. For example, nine isomers of dimethylnaphthalene were not separated at all and migrated at the migration time of the micelle with 100 mM SDS solution, while the addition of 70 mM γ-CD to the 100 mM SDS solution enabled separation of the nine isomers in a shorter time than the migration time of the micelle [9] . Since CD is chiral, CD-MEKC is applicable to enantiomer separations; e.g., enantiomers of several dansylated amino acids can be successfully separated in a single run.
Micellar solubilization phenomena do not significantly depend on the pH for neutral analytes but ionization of the analyte affects micellar solubilization. Therefore, the pH dependence of the migration time or k is remarkable when the analytes are acids or bases. Micellar solubilization phenomena also depend on temperature. The higher temperature, the lower the distribution coefficient and hence lower k. Therefore, temperature must be kept constant during MEKC separation for high reproducibility of the migration time.
Developments of MEKC
On-line sample preconcentration
Although CE shows high sensitivity in terms of absolute amounts even with absorbance detectors, e.g., down to fg-levels; but concentration sensitivity is not very high, e.g., down to µM-levels; mainly due a short pathlength of light and small amounts of injected samples. To circumvent the poor concentration sensitivity, several on-line sample preconcentration techniques have been developed such as field enhanced (amplified) sample stacking, transient isotachophoresis, and dynamic pH junction for charged analytes. These techniques are based on the 
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migration velocity changes caused by the difference in electric field strength or differences in charge of the analyte between in the sample solution and in the running solution and hence unable to apply to the preconcentration of neutral analytes. We have developed a new type of on-line sample preconcentration technique named sweeping for MEKC separation [10] , which can be applied to neutral analytes as well as to charged analytes. The principle of sweeping is schematically shown in Fig. 5 , where an anionic micellar solution prepared in an acidic buffer is filled into the whole capillary and a long plug of a sample solution is introduced into the capillary from the injection side. The sample solution is prepared in the same buffer as used for the micellar solution and the conductivity is adjusted to a similar value to that of the micellar solution to make the electric field difference minimum between the sample solution and the micellar solution. An acidic condition is shown here to suppress EOF for simplicity but sweeping can be performed under a strong EOF conditions. When a negative voltage is applied, the micelle penetrates the sample solution from the cathodic vial and the analytes in the sample solution are incorporated by the micelle at the front end of the entering micellar zone. Thus, the micelle sweeps whole sample zone by collecting the analytes and finally focuses the analytes as a sharp zone, which is further subject to conventional MEKC separation. The concentration efficiency in sweeping is given by l inj /l sweep = (1 + k) , where l inj and l sweep are injected sample zone length and swept length, respectively.
Sweeping is a highly efficient on-line sample preconcentration method and even 5000-fold concentration was shown [10] . It should be mentioned that the concentration efficiency depends on k value as shown above and hence, k must be large as much as possible in the sample zone, while k must be optimum for resolution after preconcentration. Therefore, the micellar solution first filled in the capillary must be optimum for separation but no additives reducing k should be added to the sample solution. Sweeping is favorable for ionic analytes because the micelle having opposite charge to the analyte can interact strongly with the analytes. The sweeping technique is applicable to other electrokinetic chromatography using different pseudostationary phases as well as in MEKC.
Another advantage of sweeping is that the technique provides a sharp sample zone for the following MEKC separation as observed with microchip electrophoresis [11] . For example, Fig. 6 shows separation of a commercial nonylphenol [12] . Theoretical number of isomers of nonylphenol is more than 200. Sweeping technique enabled to inject a large amount of the sample as a narrow zone and better resolution and higher peaks were obtained.
It is interesting that two different types of on-line sample preconcentration techniques have been published recently. One is transient-trapping [13] and another is analyte focusing by micellar collapse (AFMC) [14] . Both techniques use the micelle and hence can be applied to the concentration of neutral analytes. Mass spectrometry (MS) is presently an essential detection method for separation analysis. CE-MS is now routinely employed, particularly in metabolome analysis [15] . In early 1990, CE-MS was possible but MEKC-MS was impossible because the addition of SDS or a surfactant to the running solution deteriorated the ionization efficiency in electrospray ionization (ESI) interface. The use of the micellar solution caused other additional problems for MS detection: contamination of the interface with nonvolatile surfactant molecules and interferences in MS spectra. To solve these problems we tried three strategies: partial filling technique, polymer micelles, and atmospheric pressure chemical ionization (APCI). The partial filling technique was successful for the separation of closely related peptides (neurotensins) with a nonionic surfactant (sucrose monolaurate) [16] but it did not work very well when SDS is used as a pseudostationary phase because the partially filled micellar zone diffused quickly and the available non-micellar window was narrow. Polymer micelles such as butyl acrylate/butyl methacrylate/methacrylic acid copolymers did not reduce ionization efficiency in ESI-MS detection in MEKC [17] but the contamination of the interface was a problem. Although ionization efficiency in ESI is greatly affected by the salt concentration, that in APCI is not [18] and sweeping -MEKC-APCI-MS was successful [19] although the APCI interface is not popular in CE-MS.
Mass spectrometric detection
Conclusion
MEKC has been widely accepted as a useful separation mode in CE as evidenced by about 4000 papers published on MEKC [20] . Most issues in MEKC have been solved and MEKC can be used as a high sensitivity analytical separation technique. However, CE has not been widely accepted in industries yet and hence, MEKC also is not popular among industries. High performance liquid chromatography (HPLC) has been extensively developed and widely accepted among industries as a reliable indispensable analytical method. Although HPLC consumes a large amount of organic solvents, CE requires almost no organic solvents and hence CE is an environment-friendly method. Detection sensitivity of CE higher than that of HPLC in terms of absolute amount and is comparable between the two in terms concentration when an on-line sample preconcentration is employed in CE. Poor reproducibility is often blamed on CE but it should be acceptable particularly considering the small amount of samples.
